Photodissociation of molecular radical cations of toluenes C7H'" (I), C6HsCD'" (II), CTD'" (III), cycloheptatriene CTH-" (IV), and benzene has been studied by the method of two-pulse two-colour laser photolysis of molecules in a mass spectrometer using wavelengths 1064, 532, and 355 nm. The ions formed due to sequential two-photon ionization of toluene molecules by the 266 nm radiation isomerize supposingly into 5-methylene-cyclohexadiene (VI). Twoand three-photon stepwise dissociation of the and II isomers (VI and VI-d3, respectively) induced by the 1064 nm radiation has a resonance at the third overtone level of CH aliphatic bond stretching vibrations. Internal energy randomization in the two-photon dissociation is much less for VI-d3 as compared to VI. The mechanisms of isoenergetic dissociation (twoand one-photon processes induced by the 1064 and 532 nm radiations, respectively) are different: the one-photon decay via an electronically excited state proceeds considerably faster than the twophoton decomposition does in the ground state. The photodissociation cross sections have been determined. It has been shown that the intensity of CH stretching vibration overtones can be essentially higher for radical cations than for the neutral molecules.
INTRODUCTION
Studies of the dissociation of polyatomic molecules induced by direct excitation of stretching virbration high overtones of the hydride bonds 1plays a significant part in the search for non-statistical photochemical reactions which are selective in vibrational modes. On the other hand, the properties of the overtones themselves have become the subject of much investigation. New data that are of interest both for the selective laser photochemistry and for further developmem of the local mode theory which describes overtones can be obtained in studies of molecular radical cation dissoication caused by direct excitation of CH stretching vibration high overtones. This idea is based on the expectation that the intensities of such overtones can be much higher than for neutral molecules because of significant changes in electronic structure and decrease of the CH bond dissociation energy for many radical cations.
Indeed, the overtone intensity of an anharmonic oscillator depends on its dipole moment coordinate function, the anharmonicity constant, and the mechanical frequency. For example, the transition intensity from the zeroth to a high vibrational level v for a Morse oscillator with the dipole moment/(r) linearly depending on the coordinate /(r)= lo+ /(r-r,) (re is the coordinate of the equilibrium configuration) is proportional 2 t--l/ 13 to/lxe tae where xe and toe are the anharmonicity constant and mechanical frequency. Two of these quantities characterize the oscillator dissociation energy Do tOe(1-xe)2/4xe. Therefore the lowering of the dissociation energy should increase the intensity of such transition. The intensity may also grow due to a possible rise of the oscillator dipole moment gradient/zl caused by a change in the radical cation electronic structure induced by a positively charged hole.
An essential increase of the CH stretching vibration overtone intensity can be expected for the toluene radical cation because the CH bond dissociation energy is significantly lowered (by ---1.6 eV) as compared to the neutral (all thermochemical estimates use4-6). It can be assumed taking into account a change in electronic structure on the ionization of molecular toluene that the mechanical frquency of the aliphatic oscillator (the CH bonds in the methyl group) falls off in the radical cation by 150-200cmand is 2900cm -(o,= 3060 cm -1 for toluene17). Then we can estimate using the known value of the aliphatic CH bond dissociation energy for the radical cation, D 2.2 eV, the xe value and the energy of the overtone levels accord-ing to Birge-Sponer equation Eo,, v(A + vB) with A 2790 cm -1 and B 110 cm -1 and see that the third overtone of these oscillators may be in resonance with the YAG:Nd + laser fundamental frequency Eo,4 to 9400 cm-1.
The main goal of this work was to find out whether the toluene radical cation absorbs this radiation markedly and, if it does, to investigate its stepwise photodissociation as compared with that at other wavelengths and of some other species.
It is noteworthy that the studies of the toluene radical cation photodissociation may be of indepdent interest. In spite of the fact that this compound is a classical object in mass spectroscopy s-= many features of intramolecular rearrangements, the role of electronic states in the decomposition, the mechanisms of fragmentation via different channels have not been comprehensively undersood so far. Besides, results of such studies could be useful in the determination of general laws for the molecule fragmentation in the process of laser multiphoton ionization. 22-:4 
EXPERIMENTAL
The method of the present study involving laser mass spectrometry was developed in our earlier works 25'26 to investigate the molecular cation photodissociation. In fact, it is a two-pulse two-colour laser photolysis of molecules.
The molecules are ionized in a stepwise two-photon process by an UV pulse ofthe YAG: Nd + laser fourth haromonic (o4) in the chamber of a modified monopole mass spectrometer APDM-1 ( Figure 1 ) and the radical cations formed are irradiated, with a delay of 10 ns after the end of the first pulse, by the second (photolysing) pulse of the first (o), the second (o2) or the third (o3) laser harmonic. The duration of all pulses was 10 ns. The ionizing and photolysing radiations were focussed and entered the chamber coaxially from the opposite sides. They had a common focus in the interaction zone but different diameters of the focal spot: 0.15 mm for o4 and 0.45, 0.85, and 0.80 mm FIGURE Experimental scheme. 1, ionization chamber; 2, mass-spectrometer; 3, detector (electron multiplier); 4, photomultiplier; 5, peripheries and microcomputer; 6, lens; 7, beamsplitter; 8, photolysing pulse optical delay line (toj to1, to2, to3). for 0)1, 0)2, and 0)3, respectively. Thus, it can be assumed that all radical cations were irradiated and the photolysing radiation was uniform over the cross section of the beam. The vapour pressure in the mass spectrometer chamber was 10 -5 Tort.
The decomposition of the molecular radical cation was detected using the dependence of the ion current for the corresponding mass on the intensity of the photolysing radiation. The pulse repetition rate was 3-5 Hz and the ion current signals were accumulated and averaged on a microcomputer. An important characteristic of the mass spectrometer is the time of the ion flight from the formation site to the mass-filter exit which is typically of--30 s for m/e=90-100 ions. This value is the upper limit for the time of observable radical cation dissociation.
The substances used were chromatographically purified. The content of dcutcrated molecules in the isotopically substituted tolucnes was 98% for C6HsCD3 and 99% for C708. deuterated toluene (III), toluene isomer-cycloheptatriene (IV), and benzene (V) for the case of fundamental laser radiation (to1). It is seen that I decomposes effectively, i.e., the toluene radical cations markedly absorb near IR radiation, as expected. It was necessary, however, to prove that this absorption was not due to electronic excitation of I or IV.
RESULTS AND DISCUSSION
The PES data on IV 27'28 indicates that its lowest electronically excited state lies near to1. Thus, in the case of fast isomerization I--,IV (cf. Figure 6 ), the radiation can be absorbed by the IV electronic transition. IV is not formed by toluene ionization because the internal energy of the radical cation E < 0.5 eV (E 2to4 IP-Ek, where IP is the toluene ionization potential, 8.82 eV, Ek is the kinetic energy of the ejected electron) is insufficient for such rearrangement which requires 0.87 eV.
The absorption of a single photon to makes it energetically possible.
However, the results of direct experiments with the cycloheptatriene (Figure 2 , IV) show that the decomposition of IV is negligible though produced in a sequential two-photon ionization of the molecule it has approximately the same internal energy as I after absorption of one tO photon. This leads us to the conclusion that the fast isomerization I IV does not take place under the conditions of the experiment. Figure 3b gives the scheme of electronic terms for I whose energies were obtained in analogy with Ref. 29 using the ab initio calculated energies of toluene molecular orbitals a and the experimental PES data on tolueneal. The origins of the first (-8.8eV), the second 11.1 eV), and the fifth 16.3 eV) PES bands were taken as reference points in the calculation. As is seen, there arc no electronically excited states of I near ol. The experimental proof of the fact that the photodissociation of I induced by the wl radiation is due to vibrational rather than electronic excitation consists in observation of very weak decomposition of fully dcutcratcd toluene radical cation (Figure 2, 3 ). Another evidence for this could be weak decomposition of II because the resonance with w must be suppressed by the change of aliphatic CH oscillators for CD. However, II dissociates with the efficiency comparable to I (Figure 2 , 2). This important result will be discussed below.
Weak decomposition of V (Figure 2 , 3) complies with the assumption that the aliphatic rather than aromatic CH oscillators are responsible for the absorption.
The dissociation of I via the lowest energy channel involving the H atom detachment requires an absorption of at least two o photons. The dissociation threshold is reached either by two-(or multi-) photon sequential absorption in the vibrational quasicontinuum of the ground electronic state or by the resonant two-photon absorption associated with a transition to the first electronically excited state (Figure 3b ). In the latter case, the decomposition of electronically excited I should proceed by analogy to the one w2 photon dissociation. This similarity, however, is not observed as will be shown below.
Thus, the monomolecular dissociation of I observed is caused in the general case by sequential multiphoton absorption of near IR radiation in the vibrational quasicontinuum. The decrease of I molecular ion current as dependening on the photolysing radiation intensity can be described by the solution of the simple system of equations" dNo/ dt croFNo dN1/ dt croFNo cr 1FNi dN./ dt cr._ FN_ cr.FN. (1) where Ni is the population of an ith vibrational level of the radical cation, cri is the photon absorption cross section for an ith level, F is the photon flux density. Because of high density of states, their mixing in the radiation field and large difference in the state density for each consecutive step of the absorption process (the step value is to1 9400 cm-) 32 these equations do not take into account the stimulated reverse transitions. It is assumed that the radical cation after absorption of the first to1 photon and the fast (on a scale of a picosecond) relaxation of CH overtone and intramolecular energy redistribution over vibrational modes s''l retains its ability to absorb at least one or two more to photons. It is also assumed that all radical cations which absorb n + 1 photons required to be dissociated decompose within the flight time interval (-30 s in our case).
The ion current detected is proportional to the total number Nk of radical cations which have absorbed no photons and from 1 to n photons during the laser pulse. The solution of (1) gives the general expression for the dependence of Nk on the laser fluence q in the form
where k n + 1, N is the radical cation concentration, and the product equal to 1 at n 0.
As follows from (2) , if one of the cross sections is much greater than the others tr,, >> tro, try,..., tr,, the dependence Nk(I') reduces to Nk-(), i.e., the apparent nonlinearity of the process is decreased by 1 as compared to the real one. If, on the contrary, tr, ("bottleneck") is the case the dependence Nk() is described by the formula with k 1 and characterizes an apparent one-photon dissociation with the cross section tr,,. In the particular case of k-photon dissociation with the absorption cross sections equal at all steps of the process, tro= trl tr2,... ,=tr, (2) The experimental dependence for I shown in Figure 2 is compared in Figure 4 with the calculations using (3). It is seen that a three-photon dissociation takes place and its effective cross section can be estimated as tr(tol) (2 + 0.5) )<10 -19 cm 2 at each step. In this case, one cannot describe the results by two-photon dissociation curves using variation of absoprtion cross sections for both steps.
Thus, at least three-photon dissociation of I is observed under experimental conditions. The two-photon decomposition which is energetically possible (Figure 3a ) proceeds too slowly to be detected. This implies that I is probably dissociated according to the fluctuation mechanism described by the statistical theory of unimolecular decomposition. The estimate of the dissociation rate constant was made using Kassel formula K(E)= v(E-Eo)-I/E -' (4) with the frequency factor v 2.7 x 1012 S -1 and the number of vibrational degrees of freedom (s-1)/2= 19 instead of s-1 which were chosen to fit best the experimental and calculated data on fragment ion intensities in the toluene mass spectrum. 3a This yields K (2.83) 1 s -1 at I internal energy E 2to4-IP + 2to1 2.83 eV and dissociation threshold Eo 2.2 eV. Formula (4) is not adequate near the threshold, however, the analysis of the slowest decompositions of the cation a4 also estimates the dissociation rates of I near the threshold as not exceeding tens of s-1, i.e., unobservable in our experiment. The threephoton dissociation, when E=4eV, has K(4)106s -1 and is detectable.
Let us consider now photolysis of II. Two factors are of importance here. The first one is the existence of radiation abosrption for this radical cation. It is not due to aromatic CH bonds and aliphatic CH bonds are substituted by CD. So one must admit that some other CH oscillators in II are responsible for the absorption in the case of deuteration of toluene methyl group. The second one, as seen in Figure   5 which compares the experimental (Figure 2 , 2) and calculated FIGURE 5 Dependence of the ion current on the energy fluence of the photolysing to radiation for the radical cation of toluene with the deuterated methyl group. Experiment (.) and calculation according to formula (3) for two-photon (k 2) stepwise process (). dependences of ion current of II on the energy flucncc, is that the photodissociation of II is a quadratic process and, thus, the decomposition proceeds at a much higher rate as compared to possible twophoton dissociation of I. The cross section is (1 +/-0.5) x 10 -9 cm for absorption at both steps.
These and discussed above facts become clear if we suppose that I isomcrizcs at the moment of formation or 10-20 ns later ( Figure 6 ) to the structure of 5-methylcnc-cyclohcxadicnc (VI) whose possible role in the dissociation of I was noted, for example in Refs. 20 and 28. In this case, two aliphatic CH oscillators absorb radiation in the nondeutcrated VI and one in the partially deutcratcd VI-d3, i.e., absorption is retained on dcutcration of the methyl group. In accordance with the local mode model its intensity should decrease two times with respect to VI which is consistent with the experiment. Further, such isotopic substitution should reduce interaction of the excited CH oscillator with other vibrational modes: there is a single nondcgencratc oscillator left and vibrational frcquenccs of neighboring bonds can change so that possible resonance interactions of this local mode with other modes 11 arc disturbed. Thus, considerably smaller number of vibrational modes of VI-d3 could be involved in dissociation as compared to VI and one could expect a sharp rise in the dissociation rate that was actually observed in the experiment. If wc equate the rate constants for the VI three-photon dissociation and VI-d3 two-photon dissociation it appears that only 10 of 39 vibrational modes, i.e., about half as compared with VI (19 modes), arc involved in quasistatistical decompsoition of VI-d3 described by (4) . D FIGURE 6 Rearrangement of the radical cation of toluene with the deuterated methyl group. II, toluene; IV, cycloheptatriene; VI, 5-methylene-cyclohexadiene.
It is noteworthy that in spite of the apparent similarity of CH oscillators in VI and IV (Figure 6 , positions 6 and 7, respectively) they differ in fact: the dissociation energy of CH bond is much lower for IV( 1.3 eV) than for I (or VI) so that the mechanical frequency and anharmonicity of CH oscillator are also different in IV and VI. Further, the rearrangement IV VI is hindered 2s and fails to proceed on the time scale of our experiment (10-20 ns). So, this accounts for difference in the behavior of the radical cations I (VI) and IV.
Visible and UV light irradiation results in one-photon dissociation of I (Figure 3c ). In this case, it involves electronically excited states located near the dissociation threshold or above it (Figure 3b ). It could be expected that low electronic terms of VI negligibly differ from those of 135'36 so that the one-photon dissociation of VI (it is shown by the straight lines in Figure 7 , their slopes with respect to the abscissa giving the cross sections for photodissociation26) induced by (,0 2 or (0 radiation also proceeds via excited electronic states. This implies that the same internal energy E (02 2(0 provides the much faster decomposition of radical cations via electronically excited states as ompred to highly excited vibrational levels of the ground electronic state. This leads to the conclusion that, if the mechanism of fast radiationless relaxation of an electronically excited state by electronic to vibrational energy conversion and subsequent radical cation dissociation takes place, the conversion proceeds with energy localization on the most anharmonic high-frequency oscillators, 37 i.e., on the discussed above aliphatic CH oscillators. In this case, the localization degree is about the same as in the two-photon decomposition of VI-da which means that the dissociation is not completely statistical. The alternative mechanism is a direct fragmentation in the electronically excited state. The nonadiabatic hydrogen atom detachment, for example, can proceed in our case with a rate of 107-109 s -1 37 which is observable.
The photodissociation cross sections of radical cations at to1, to2, and to3 are presented in Table I . It should be noted that the cross sections for I photodissociation which we actually assign to VI differ from those given for VI in Ref. 38 . The authors of Ref. 38 , however, point out that the assignment of the radical cation, for which the photodissociation spectrum was measured, as VI is rather suggestive. We also cannot prove that I rearranges precisely to the VI structure rather than to some other one having similar properties.
CONCLUSIONS
The present results support the idea that the lower CH bond dissociation energy of radical cations as compared to the neutral molecules, as in our case, leads to higher overtone intensities for CH stretching vibrations of the cations with respect to the neutrals. The rise in overtone intensity is first of all, in our opinion, due to strong change in electro-optical characteristics of CH bonds caused by a rearrangement of electronic structure in the ionized molecule and also by the Two-photon dissociation. considerable growth of anharmonicity and some decrease of the vibration frequencies. It is not excluded that all this is true in some cases also for stretching vibration overtones of other hydride bonds. The observation of overtones under collisionless conditions at low gas preassures offers new possibilities for studies of local mode vibrations, intramolecular energy redistribution, selective excitation and unimolecular decomposition as well as electronic structure of polyatomic radical cations. Especially promising is the use of continuously tuned lasers, picosecond laser technique, and time-of-flight mass reflectrons.
In particular, the toluene radical cations produced by two-photon stepwise ionization of toluene molecules at 266 nm are shown to rearrange rapidly (rate constant is higher than 108 s-1) supposingly into 5-methylene-cyclohexadiene radical cation (the heat of formation AHy<226 kcal/mol in this case). No rearrangement of this isomer into cycloheptatriene and vice versa takes place under the experimental conditions. The isomer of toluene radical cation effectively, with a cross section tr--10 -19 cm2, absorbs the fundamental radiation of the YAG: Nd 3/ laser on the direct transition to the third overtone level of the aliphatic CH bond stretching vibration and undergoes two-and/or three-photon dissociation.
The degree of internal energy randomization in the process of the IR two-photon stepwise radical cation isomer dissociation for the toluene with deuterated methyl group is much lower than for the non-deuterated one so that the dissociation of the former is not a fully statistical process.
The mechanisms of isoenergetic dissociation of the toluene radical cation isomers are different for irradiation by visible and near IR lights: the one-photon dissociation via an electronically excited state induced by the visible radiation implies a considerably lesser randomization of internal energy as compared to the decomposition in the case of IR sequential two-photon absorption involving highly excited vibrational levels of the ground electronic state.
At present, for lack of some important data the interpretation given above may not be unique. For example, little to nothing is known of the properties of VI (electronic spectra, thermochemistry, rates of formation by rearrangements of I, II, III, or IV). Experiments with tunable around 1.06 m photolyzing radiation and various time delays between ionizing and photolyzing pulses would be useful for the unambiguous elucidation of the nature of toluene radical cation dissociation described.
